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Abstract

The radicals derived from flavin adenine dinucleotide (FAD) are a corner stone of re-
cent hypotheses about magnetoreception, including the compass of migratory songbirds.
These models attribute a magnetic sense to coherent spin dynamics in radical pairs within
the flavo-protein cryptochrome. The primary determinant of sensitivity and directionality
of this process are the hyperfine interactions of the involved radicals. Here, we present
a comprehensive computational study of the hyperfine couplings in the protonated and
unprotonated FAD radicals in cryptochrome 4 from C. livia. We combine long 800 ns
molecular dynamics trajectories to accurate quantum chemistry calculations. Hyperfine
parameters are derived using auxiliary density functional theory applied to cluster and
hybrid QM/MM (Quantum Mechanics/Molecular Mechanics) models comprising the FAD
and its significant surrounding environment, as determined by a detailed sensitivity anal-
ysis. Thanks to this protocol we elucidate the sensitivity of the hyperfine interaction pa-
rameters to structural fluctuations and the polarisation effect of the protein environment.
We find that the ensemble-averaged hyperfine interactions are predominantly governed
by thermally induced geometric distortions of the flavin. We discuss our results in view
of the expected performance of these radicals as part of a magnetoreceptor. Our data
could be used to parametrize spin Hamiltonians including not only average values but
also standard deviations.

1 Introduction

Magnetoreception is widespread in the animal kingdom.! Despite the phenomenon being well
established, the sensory mechanism—and even the underlying principle-has remained opaque
for decades? In birds and a few other species, a compass sense has been attributed to a rad-
ical pair recombination reaction in the protein cryptochrome®*® This spin-selective reaction
acquires magnetosensitivity, because the electron spin states of the radical pair coherently
interconvert between singlet and triplet states, as the electron spins couple to the applied and



local magnetic fields. The latter are caused by the magnetic moments of nuclear spins in the
radicals, i.e. arise via hyperfine interactions. In this way, hyperfine couplings, including the
isotropic Fermi contact and the anisotropic dipole-dipole contributions, are critical in deter-
mining the magnetosensitivity and its directionality in the geomagnetic field, which governs
the sensitivity of the compass.

The concept of a radical pair model of magnetoreception was originally suggested by Schul-
ten et al.® Later, Ritz et al. suggested the flavo-protein cryptochrome in the animals’ eyes
as the actual host of the magnetosensitive radical recombination process” This proposition
has since been supported by ample theoretical insight and biological evidence 2% Indeed,
there is now a wealth of behavioural studies which confirm the existence of a light-dependent
inclination compass, which can be scrambled by radio-frequency electromagnetic fields, as
expected for the radical pair model® However, the details of the sensor and its associated
pathways have remained elusive so far.

Cryptochromes contain a non-covalently bound flavin adenine dinucleotide (FAD) cofac-
tor, which is tightly linked to its function as a magnetosensor.® This flavin exists in two
important radical forms, the anion radical (FAD®~) and its protonated semiquinone form
(FADH?®), which both have been implicated as members of the magnetosensitive radical pair
intermediate. The photo-reduction of fully oxidised flavin in the cryptochrome gives rise to a
radical pair, comprising the FAD®*™ and a surface-exposed tryptophan radical cation, which
has been found to be magnetosensitive in vitro in the isolated protein, albeit at magnetic fields
significantly exceeding the geomagnetic field” FADH® can result from protonation of the an-
ion radical or oxidation of the fully reduced flavin cofactor, FADH™. The latter reaction has
been suggested to underpin magnetoreception in the dark. 214 While there is ongoing debate
about the identity> 17 of the partner radical and even the number®22 of radicals involved,
the flavin radical, either protonated or in is anionic form, is a central cornerstone of all models.



Figure 1: Graphical representation of (a) the pigeon cryptochrome 4 protein (CICry4; PDB
ID: 6PUO with phosphate binding loop reconstructed) and (b) the FAD cofactor in its
semiquinone form FADH®. (a) shows the chemical environment of the flavin. Residues
coloured in blue are cationic; in red, anionic; and in green, polar. (b) introduces the num-
bering scheme for pertinent nuclei and the standard orientation used throughout this paper.
Red axis = x, green = y, blue = z. In the anion radical FAD®*~, the hydrogen labeled H5 is
absent. H7a and H8« are generic labels for the 3 hydrogens born by the methyl groups on
the isoalloxazine ring.

The hyperfine interaction parameters in the involved radicals are crucial in determining
the directional sensitivity of the compass. The hyperfine couplings (HFCs) of the flavin



radicals are generally perceived as ideal for its putative function in a directional sensor 21023
This is the result of the hyperfine structure being dominated by the HFCs of the two central
nitrogen atoms of the isoalloxazine ring system, N5 and N10 (see Fig. , which are strongly
anisotropic, close to axial and collinear. In the absence of other strong HFCs, this gives a
dominant directionality to the spin dynamics1% Particularly large anisotropic magnetic field
effects in the geomagnetic field result if these flavin radicals are combined with radicals devoid
of hyperfine interactions, i.e. in so-called reference-probe configurations %24 On the other
hand, partner radicals without overarching symmetry of their hyperfine couplings strongly
attenuate magnetic fields effects 1523

Interestingly, the hyperfine structure can impact the spin dynamics in a non-obvious way
too: in combination with anisotropic hyperfine interactions in the partner radical (e.g. as
provided by a protein-bound tryptophan radical), the flavin anion HFC structure can give
rise to a spike in the recombination yield of long-lived radical pairs, which results from a level
anti-crossing phenomenon when the magnetic field is parallel to the isoalloxazine ring plane 23
This remarkable observation emphasizes the truly quantum nature of cryptochrome magne-
toreception, as the feature is only apparent in fully quantum spin dynamics simulations, but
absent in semi-classical realisations of the modeling.?? The effect too relies on the hyperfine
interactions of N5 and N10, specifically on the small but, importantly, nonzero transverse
components. A small increase in their magnitude has been shown to enhance the effect %3

Many theoretical studies have been dedicated to understanding the electronic structure
and properties of flavins in proteins. The reader is referred to Kar et al. for a review focusing
on electronic spectra?® On the other hand, theoretical studies aiming to calculate hyperfine
tensors for flavin radicals are much fewer, and either neglect dynamical effects2” include the
environment using an implicit solvent model,*® approximate the flavin by a truncated ana-
logue,23’29
interactions and g-matrices have only been predicted for the bound flavin radicals in glucose
oxidase from A. niger, whereby a QM/MM molecular modeling approach was chosen®" The
authors’ conclusion, that incorporation of at least the nearest protein environment of the co-
factor radicals proved to be vital for a correct reproduction of shifts in g-matrix components,
supports the idea that accurate coupling parameters for the simulation of the avian magnetic
compass must be computed in an avian protein, as we do here. Note however that the MD
simulations reported in ref. [30| were based from short MD simulations of only 10 ps. Exten-
sive exploration of the coupling parameters over long simulations are thus needed and will be
reported in this article.

Similarly, the hyperfine interactions in the flavin radicals are expected to be sensitive to
their protein environment; the HFCs can for example be modulated by substrate binding,
altered geometries of hydrogen bonds, or the surrounding amino acids, as has been shown
experimentally*1™37 and theoretically2%38H9  Tn addition to these static environmental ef-
fects, hyperfine interactions are dynamically modulated due to the thermal motions of the
radicals in the protein—an unavoidable consequence of ”warm, wet and noisy” biological en-
vironments. If the hyperfine interactions are modulated on a timescale fast relative to the
timescale of spin evolution, this induced noise in the hyperfine parameters give rise to spin
relaxation*! If, on the other hand, the modulation is slow, the magnetosensitive response is
that of an inhomogeneous ensemble rather than that of a single radical pair. Procopio and
Ritz have investigated the performance of the compass in response to such inhomogeneities
in the hyperfine parameters and found that the choice of radical pair hyperfine parameters

or work on proteins not implicated in avian magnetoreception. Indeed, hyperfine



greatly influences the directional sensitivity.>”

Despite the critical importance of the hyperfine parameters of flavin in the cryptochrome
for assessing the radical pair hypothesis, little is actually known about them. Electron para-
magnetic resonance (EPR) spectroscopy can reveal some of the hyperfine parameters of flavin
radicals in cryptochromes and remotely related flavo-enzymes, such as Light, Oxygen, or Volt-
age sensing (LOV) and Blue-Light-Utilizing flavin adenine dinucleotide (BLUF) domains 4243
Conventional EPR spectroscopy, in particular if carried out at high frequencies, allows mea-
suring some components of the anisotropic HFCs of N5, N10, and H5. ENDOR spectroscopy
shows the fingerprints of H5, H6, the protons of the methyl group at C8, i.e. H8«, and of-
ten one of the two S-protons attached to C1’. Time-resolved EPR can reveal a few HFCs
of flavins in members of radical pairs¥ While particular components of selected nuclei are
thus accessible spectroscopically, the interactions of weakly coupled nuclei and the principal
orientations are currently only inferable from computational approaches.

Many previous theoretical studies of spin dynamics in cryptochrome have relied on hy-
perfine tensors calculated on an isolated lumiflavin, ignoring environmental effects. Recently,
the crystal structure of cryptochrome 4 (CICry4) of Columba livia (PDB ID: 6PUO0) has been
resolved (for a large part of the protein), which now, for the first time, provides the prospect
of assessing the flavin hyperfine interactions in the environment of an avian cryptochrome 4>
Here, we derive hyperfine interaction parameters for the most relevant spin-bearing atoms on
FAD®*~ and FADH® in CICry4 using Auxiliary Density Functional Theory (DFT)4049 We
employ a cluster model that considers the flavin and its immediately surrounding amino acids
in the quantum region; as well as a QM/MM scheme (MD gy;/1751), for which the flavin and
the side-chains of the cluster residues are kept in the quantum region while the rest of the
protein environment is included as a set of point charges. We therefore reach in both models
a more accurate description of polarizing environment of the flavin radical than previously
described in the literature, therefore leading to more realistic HFCC evaluations. We sample
conformational ensemble using long-time scale classical dynamics trajectory (800 ns) whereby
snapshots are extracted at representative time intervals. This allowed us to provide accu-
rate hyperfine coupling parameter fluctuations for an avian cryptochrome, which will inform
future, more realistic spin dynamics simulations. The results of the cluster and QM/MM
approaches are compared.

2 Simulation setup and computational details

2.1 Initial protein structure

Our model is based on the X-ray diffraction-resolved structure of Columba livia cryptochrome
4 (CICry4, PDB ID: 6PU0).%? The unresolved segment of the protein (residues 228-244)
was reconstructed as described in ref. (50). The protonation state of aminoacid residues was
assigned with the use of multiple pK,-predictors (Yasara,”1'®2 DelPhiPka,>* 2 pdb2pqr®27)
and ambiguous cases were resolved through visual inspection of the hydrogen-bonding pattern
at the site in question. Finally, the histidine residues with index 3, 7 and 54 were found to be
positively charged and doubly protonated at physiological pH (AMBER residue name: HIP);
histidine residues 64, 353, 405 and 471 were neutral and singly protonated at the e-site (HIE);
all 13 remaining histidine residues were assigned as neutral and protonated at the J-position
(HID). A representative protein conformation is provided in the Supplementary Information



(SI).

2.2 MD simulations

We carried out molecular Dynamics (MD) simulations using the Amber 18 package with the
ff14SB force field for the protein; the flavin radicals FAD®*~ and FADH® were modeled based
on previously established RESP atomic charges2®% The TIP3P model was used for water
molecules. Cl~ was added to neutralise the system; additional Na™ and Cl~ ions were used
to realize a NaCl concentration of 50 mM. A standard series of energy minimisation, heating
and equilibration steps was then applied, following the protocol in Fox et al.®? in order to
allow the system to relax and stabilise its density to 1.006 gcm ™3, for box dimensions of
approximately 90 x 92 x 102 A®.

The production run for the solvated protein/flavin complex was performed in the NVT
ensemble and spanned 800 ns for each protonation state of FAD, with T'= 313K and a time
step of 2fs. A Langevin thermostat was employed to maintain the temperature, and the
SHAKE algorithm was used to constrain the length of hydrogen bonds/SH62 A cutoff of 9.0 A
was applied for non-bonded interactions.

2.3 DFT calculations

Magnetic properties were calculated using auxiliary-density-functional theory (aDFT) as im-
plemented in deMon2k %3 aDFT makes use of variationally fitted electronic densities to speed-
up the calculation of classical electronic repulsion and exchange-correction (XC) contributions,
including exact exchange/* The details of the aDFT methodology to compute HFC tensors
will be published elsewhere. The calculated tensors include Fermi contact, spin-dipole and
paramagnetic spin orbit-spin orbit coupling contributions. We tested and benchmarked the
calculation of HFC tensors testing various basis sets (more details presented in SI and dis-
cussed below).

It transpired from our tests that an accurate evaluation of HFC tensors involving flavin
nuclei requires a detailed description of the electron density on the flavin and a adequate
representation of the surrounding electron density. We also tested a mixed basis set scheme
for the flavin, where a high-precision basis set is used on magnetic nuclei and a cheaper one
for the other atoms. It emerged that using such a scheme, as opposed to the “full basis”
approach where the high precision basis set is applied on all flavin atoms, allows a significant
speed-up at a moderate accuracy cost (see figures S2 and S3 of the SI). We thus selected for
the flavin atoms the combination of EPR-III/GEN-A2* atomic orbitals and auxiliary basis
sets for magnetic nuclei, and a combination of DZVP-GGA/GEN-A2 basis functions for the
remaining flavin atoms and the close environment. We chose the B3LYP (Becke, Lee, Yang
and Parr) XC functional®"? based on previous studies showing its suitability for evaluating
HFC tensors with good accuracy®® An adaptive grid ensuring an accuracy of 107% Ha on the
diagonal elements of the XC matrix was used.®” The unrestricted Kohn-Sham formalism was
chosen as the SCF procedure. A dynamic level shifting of 0.1 Ha was applied to facilitate
convergence.

Inclusion of the full protein environment with a QM /MM scheme: To complement
the cluster approach outlined in the previous paragraph, we also set up a QM /MM partitioning



scheme, whereby the truncated flavin and the “minimal cluster” are explicitly included in the
subsequent DF'T calculation to compute hyperfine coupling tensors on the flavin, while all the
other atoms in the system—i.e the ribityl and adenosine moieties of the flavin, the backbone
atoms of the “minimal cluster” residues, all other residues in the protein, water molecules
and ions— are included as point charges that polarise the distribution of electronic density
of the QM region. These point charges were the same as those used in the MD simulations
to generate the trajectories. The additive QM /MM methodology we chose was described in
detail in Ref. [70].

Note that the delineated QM /MM approach does not constitute an incremental increase in
the quality of the description over the cluster approach described above, for which the minimal
cluster is directly subject to the DFT calculation of HFC tensors. This is the consequence of
the standard methodology for partitioning proteins into QM and MM parts, which mandates
to only include side-chains, and not the backbone atoms, into the QM framework. The rational
for this is that in a QM/MM scheme, a “link atom” is inserted at the point where the cut is
made, to avoid nonphysical dangling bonds by saturating the valence of the QM region. If the
cut were done, as in the cluster scheme from above, at the backbone C-N bond between the
amino group and the next residue’s carboxyl group, then the link atom would be inserted on
the N atom and along the axis of this cut N-C bond, yielding a terminating amine with a sp?
nitrogen instead of a properly pyramidalised sp3. This strained geometry of the QM region
makes it extremely difficult to converge the DF'T calculations. Besides, a more realistic model
is obtained when cutting and protonating an apolar bond rather than a polar one.

2.4 Metrics

We consider in this work various parameters to quantify HFC tensors. Let A1, Ao and Ass
be the eigenvalues of the HFC tensor. We refer to the isotropic HFC as

Ajso = (All + A322 + Ad?}) (1)

We order the principal components, A1, Ago and Ass, according to their separation from the
isotropic value (Haeberlen convention). That is, we assign {A;1, Aga, Ass} to the labels { Ay,
Ayy, Ay} such that

’Azz - aJiso’ > |Axx - aJiso’ > ’Ayy - aiso’7 (2)

i.e. Axx, Ayy, Ay, are a permutation of Aqy, Age, Az3. We then define the anisotropy and the

asymmetry of HFC tensors as

Aw+A, 3

AA=A,, — # = S (A — ais) and 3)
Ayy — Axx

_ 4

K Azz — Qjso ’ ( )

respectively. These parameters are independent of the coordinate system used.
The uncertainty on the mean of HFC tensors’ eigenvalues is computed as follows:

tXs

U(Ai) = N



where ¢ is the Student’s t-factor — here, ¢ = 1.96 for a confidence level of 95.5% —, s is
the standard deviation of the sample and Ngg is the effective size of this sample, computed
using the R function coda::effectiveSize(x) ™2 coda::effectiveSize(x) computes
Neg = N X ﬁ—;, where A\? is the sample variance and o2 is an estimate of the spectral density
at frequency zero.

Following the rules of combination of uncertainties, we calculate the uncertainty of the
mean ajs, using:
U(Ayy) + U(Az) + U(AL)

3

U(aiso) =
and on the mean of AA using:

U(Ax) + U(Ayy)
2

U(AA) = U(A,,) +

3 Results

We have aimed to sample the dynamic heterogeneity of hyperfine coupling parameters of the
flavin radicals bound in a representative cryptochrome. To this end, we have run extensive
MD simulations of FAD®*~ and FADH® in CICry4, as described in the “Simulation setup and
computational details” section. For both FAD®*™ and FADH®, we extracted 400 geometries,
evenly spaced by 2ns across the entire length of the 800 ns MD trajectories.
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Figure 2: Various geometrical markers of the flavin-binding 6PUQ protein along a 800-ns
MD trajectory in the two protonation states of the flavin radical (FAD®™ in light green and
FADH? in dark green): (top) RMSD of the backbone atoms; (bottom) RMSF of each residue’s
CA (backbone) atom, with distance to the center-of-mass of the flavin (in A) represented by
background colour.

Validation of the Molecular Dynamics simulations: Figure 2] (top) reports the Root-
Mean-Square Deviations (RMSD) of the positions of the protein backbone atoms (CA, C,
O, N in the AMBER naming convention) along a 800ns MD trajectory of solvated 6PUOQ
protein containing either the FADH® or the FAD®*~ flavin cofactor. This metric, along with



visual examination of the protein structure along the trajectory, reveals a preserved secondary
structure throughout the simulation. Figure [2| (bottom) offers with the RMSF (Root-Mean-
Square Fluctuations) a time-averaged, residue-disaggregated view which allows to identify the
mobile regions of the protein. For both protonation states of the flavin the most flexible section
of the backbone corresponds to the unresolved and reconstructed loop (residues 228 to 244),
in agreement with Ref. 50. The background colour of Fig. [2 (bottom) indicates the distance
between the centre of masses (COM) of the residue in question and the isoalloxazine moiety
of the flavin. We note that the residues closest to the flavin (visible as pale bands), i.e those
that constitute its chemical environment, are mostly residues with low RMSF. This suggests
the immediate chemical environment of the flavin remains comparably constant throughout
the simulation, although this claim can here only be made for the backbone atoms and not
the side-chains.

A hydrogen-bonding analysis, performed using the Cpptraj software on purely geometri-
cal criteria, revealed no H-bonding involving the flavin isoalloxazine moiety as either a donor
or acceptor, which has implications for its magnetic properties; indeed, it was shown that
H-bonding to the isoalloxazine perturbs the spin density distribution in this area.32 Water
molecules infrequently enter the flavin binding cavity, and when they do, typically hover closer
to the ribityl chain atoms than to the isoalloxazine. Counter-ions, namely Na™ and Cl~, were
never found within 104 of the isoalloxazine.

Another geometrical marker relevant in the context of magnetoreception that was tracked
along the trajectory is the inter-residue distance in the electron-transfer (ET) chain. This is
reported in Fig. S1 (a) and (b), and we note that these distances remain stable throughout
both simulations. This is expected to ensure the efficient and reliable formation of a flavin -
tryptophan or flavin - tyrosine radical pairs, both of which have been proposed as agents in
magnetosensitive reactions schemes.

Before conducting extensive HFC tensor calculations on structures sampled from the MD
trajectories, we validated our sampling protocol and benchmarked the quantum chemistry
method to be used.

Validation of the HFC calculation method: A multitude of XC functionals have been
suggested for calculating hyperfine coupling parameters. The B3LYP functional in combina-
tion with the EPR-II or EPR-III basis set, from the Barone group,™ is well established ™~
Jakobsen and Jensen™ have recently suggested a series of double-¢ to pentuple-¢ polarisation-
consistent basis sets with additional tight functions optimised for the calculation of hyperfine
interactions, named pcH-(. In addition, we have also considered the B3LYP/NO7D scheme,
likewise proposed by Barone and coworkers™ which has been found remarkably accurate
for a large set of radicals whilst being computationally cheap. Comparing the runtimes and
isotropic hyperfine couplings parameters for a FADH® relaxed in vacuum (Figure S2a in the
SI), we find that, for our application, B3LYP/EPR-III offers the best compromise between
accuracy (assessed relative to pcH-3, the most expensive basis set tried) and computational
effort. A further speed-up could be achieved with the use of the “mixed basis set” approach,
in which the EPR-III basis set is only applied on the atoms for which magnetic properties are
calculated, while a double-{ basis set is used for the rest of the flavin. Figure S3 in the SI
shows the magnitude of the error associated with this approximation. We further confirmed
that the aDFT framework did not introduce artefacts in the calculation of HFC tensors (see
Table S2 in the SI) and have thus decided to use this approach for the rest of the study.
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Delineation of a minimal chemical environment for the flavin: Having validated
the classical MD approach and chosen a suitable method for calculating hyperfine coupling
tensors, we next set out to explore electronic and steric effects of the protein environment
on the hyperfine couplings of the flavin. A possible strategy would be to rely on a hybrid
QM/MM methodology in which the flavin would be described at the quantum mechanical
level while the environment (protein or solvent) would be described by MM point charges.
Repeating such QM /MM calculations along a classical MD simulation would then provide
distributions of HFCC. In the study of flavin bound in glucose oxidase from Pauwles et al,
the QM regions was for example restricted to a lumiflavin fragment. This MD+QM/MM
strategy enforces spin localization on the flavin moieties, and assumes that electron density
polarization is adequately captured by sets of point charges. For C. livia cryptochrome, our
calculations indicate that spin density largely localize on flavin, (see Table S5 in the SI).
However, due to the presence of both polar and apolar, charged and neutral residues (see Fig.
, individual residues may have variable effects on the distribution of electronic/spin density
on the flavin. Therefore, we aim in this work to reach an accurate electrostatic embedding by
including in the QM region not only the flavin but also the closest residues and to investigate
HFCC fluctuations along long (800 ns) MD simulations. To select a list of amino acid residues
to be described at the DFT level, we analysed 10 configurations from the MD trajectories,
separated by time intervals of 20 ns.

For each snapshot, the following procedure was applied: first, all residues within 5 A of
the isoalloxazine moiety were extracted from the MD trajectory. Residues were truncated at
the backbone atoms (i.e. cut between the carboxyl and amino groups) and hydrogen atoms
were added to complete the unsaturated valences. The resulting 5-A cluster consisted of
331 atoms in addition to the flavin, and is expected to provide a good approximation of the
cofactor’s steric and electronic environment. However, treating such a large number of atoms
proves computationally demanding, considering that we seek to evaluate the average over long
trajectories. Specifically, it was expected that selected residues could safely be removed from
this cluster, thereby reducing its size and decreasing the computation effort at a marginal cost
in accuracy.

In order to build such a “minimal cluster”, residues were selected as follows: the individual
polarising impact of each residue was measured by first computing the HFC tensors of atoms
of interest for the isolated flavin in vacuum, and comparing them with the same tensors com-
puted with this neighbouring residue explicitly included. Residues involved in a salt bridge
or strong hydrogen bond were included with their counterparts: in these cases, instead of a
pair, a triad (flavin - D385 - R356), or even a tetrad of molecular fragments (flavin - D387
- Y295 - R291, where hydrogen bonding also occurs with salt-bridging charged atoms) were
considered at once. In order to compare the hyperfine tensors, the isotropic HFC constant,
aiso, and the tensor anisotropy, AA, were computed for the pertinent atoms on the flavin (see
Fig. 1). Polarising residues were identified as those that induced a variation (Aal, or AAAY)
greater than one standard deviation above or below the average deviation (over all 10 selected
conformers) for any considered atom i.

11
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Figure 3: Graphical representation of the “minimal clusters” for FAD®*~ (left) and FADH®
(right).

The final clusters so determined, shown in Figure [3| contained 272 atoms for FADH®
(S250, R291, Y295, H353, R356, F379, D385, D387, 1390, N391, N394, W395, FADH®) and
333 atoms for FAD®*~ (S250, R291, Y295, H353, R356, H357, F379, D385, D387, 1390, N391,
N394, W395, W397, 1398, FAD®*"). Finally, the validity of the approach was once again
verified by comparing flavin-borne HFC tensors calculated in the minimal cluster with those
derived for the complete cluster (Tables S3 and S4 in SI). Aajso and AAA for FADH® and for
FAD®~ are small in magnitude and typically do not exceed 2% of the corresponding quan-
tity. The exception is H7a on FADH®, whose very small a;so value makes the relative error
comparatively large. However, such a small HFC has a correspondingly minuscule impact on
the spin dynamics of a magnetosensor and therefore did not warrant increasing the cluster size.

Calculation of flavin HFC tensors: With the methodology validated and the minimal
representative cluster established, we set out to assess the inhomogeneity of hyperfine inter-
actions induced by the protein environment by sampling the representative set of geometries
from the long-time MD trajectories. Hyperfine coupling tensors were calculated for 400 repre-
sentative geometries of the flavin in its cluster, as determined above, extracted from the MD
simulations at intervals of 2 ns using deMon2k. This interval was selected to exceed the (short-
time) autocorrelations of the isotropic HFC constants, thereby permitting to compute reliable
statistical quantities from an unbiased sample (Table S5 in SI). We can verify with Figure
S4 (in the SI) that the conformational space explored by the flavin over this length of time
is representative of the entire trajectory. MD-generated geometries were rotated and aligned
to the flavin molecular axis system (as represented in Figure and chosen in consistency
with previous spin dynamics studies).ﬂ——zl This procedure also implies that the fluctuations of
hyperfine couplings reported here reflect variations of the polarising environment and of the
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conformation of the flavin itself, and not the librational motions of the flavin in its binding
pocket, which is a source of spin relaxation* Averaging the set of hyperfine interactions
so obtained, a representative prediction of hyperfine interactions of the flavin in the protein
environment has been realized. We report hyperfine coupling tensors for the relevant flavin
atoms, for both the radical semiquinone (FADH®) and radical anion (FAD®™), in the SI. The
principal components of these average hyperfine coupling tensors are reported in Table

Decorrelation of structural and polarisation effects: For comparison, we also calcu-
lated a similar set of hyperfine coupling tensors from the extracted flavin geometries, without
the surrounding cluster. In doing so, we aimed to quantify the electronic polarising effect of
the environment, relative to the influence of structural fluctuations within the flavin. Figure
[ shows this structural variability for 80 snapshots from the extracted sample after alignment.
The root-mean-square distance within these sets, calculated on the heavy atoms of the isoal-
loxazine moiety, is equal to 0.369 A for FADH® and 0.137 A for FAD® .

Figure 4: Flavin structural fluctuations during the MD simulations, represented by the super-
position of 80 snapshots extracted from the trajectories for FADH® (left) and FAD®™ (right).

Figure |5|is a graphical representation of average HFC tensors of FADH® and FAD®*~. To
this end, we represented the hyperfine tensors by surfaces which, for direction r, are at a
distance from the nucleus proportional to rTAr. These graphical representations are scaled
identically, making them directly comparable. In a similar way, we evaluated the standard
deviation, taking the covariance of all tensor components into account. As can be seen,
the hyperfine structure is generally dominated by the hyperfine constant of N5 and, for the
semiquinone form, H5. The hyperfine interactions of the hydrogens of the methyl groups,
(H7w and H8« on figure ), are averaged over the methyl group rotation: for this reason,
a single effective parameter is reported throughout the paper for these groups. The largest
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variance is seen for the H8« protons and, for the semiquinone form, for H5.

Figure 5: Graphical representation of average (top; blue/green surfaces) hyperfine coupling
tensors and the standard deviation (bottom; yellow surfaces) for FAD®*™ (left) and FADH®
(right), calculated using aDFT on MD-generated geometries within a “minimal” chemical
environment.

The environment changes the shape and magnitude of hyperfine interactions. As can
be seen in Figure S8 in the SI, which resembles Fig. on the scale of these plots, these
changes appear subtle. The effect is there most clearly seen for H5 and N5, which is a simple
consequence of their sheer size relative to other hyperfine couplings. A better quantitative
appreciation of the environment effects can be obtained from Table [2| which reports the prin-
cipal components of the averaged HFC tensors, with and without the environment. Table
provides the associated isotropic coupling constants and anisotropies in addition to a com-
parison with HFC parameters calculated on the relaxed structure (obtained using PBEh-3c,
as implemented in Orca™™) in vacuum. The statistical uncertainties associated with these
calculated averages are reported in Table S10 of the SI.
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Table 1: Isotropic HFC and tensor anisotropy calculated using aDFT for (a) FAD®*™ and (b)
FADH®. The “Opt,..~ datasets were calculated on a single flavin conformer on its relaxed
geometry in vacuum; “MD,,.” is the average of values calculated on the MD-derived flavin
geometries with its environment excluded; “MD st corresponds to the average HFC pa-
rameters calculated on the MD-derived flavin geometries within the “minimal cluster”; and
“MD grr/mns” to the same quantity calculated with the QM /MM scheme described above. All
HFC calculations were obtained using aDFT with the B3LYP functional and the mixed basis
set scheme of EPR-III/GEN-A2* on the flavin’s magnetic nuclei, and DZVP-GGA/GEN-

A2 on the other flavin atoms and surrounding cluster. All calculations were performed in
deMon2k 6.0.2.

(a) FAD*~
atormn aiso (MHz) AA (MHz)
Optyac MDyae  MD cpyster MDQM/MM Optuac MDyae  MD pster MDQM/MM
N5 15.050 16.379 17.408 16.712 53.660 55.411 58.152 56.225
N10 5.916 5.931 6.828 6.882 19.418 16.586 18.830 18.767
Hl’'a  2.805 2.754 3.580 3.400 3.819  3.675 3.913 3.782
H1'b  6.559 5.232 5.992 6.302 3.866  3.549 3.729 3.612
H8a 12.392 10.118 10.342 9.847 2.869  2.501 2.349 2.369
H7a0  -3.668 -3.461 -3.273 -3.238 1773 1.596 1.609 1.597
H6 -10.125 -9.243 -8.064 -8.440 7.723  6.999 6.622 6.674
(b) FADH*®
atom aiso (MHz) AA (MHz)
Optvac MDyoe MD cluster MD QM/MM Optvac MD yqc MDcluster MD QM/MM

N5 11.987  16.829 17.129 17.153 43.793  45.475 46.522 46.768
N10 7.209 7.499 7.855 7.568 21.492  19.752 20.741 20.129
Hl’a  3.423 2.247 2.438 2.413 3.886  3.596 3.667 3.631
HI'b  7.423  14.002 14.740 13.810 3.930  3.700 3.773 3.733
H8«a  7.476 5.656 6.544 6.047 1.910 1.594 1.661 1.608
H7a  -0.950 -0.901 -0.684 -1.122 1.407  1.271 1.339 1.302
H6 -4.755  -3.584 -3.285 -3.528 4.596  4.464 4.513 4.459
H5 -22.675 -18.591 -19.159 -19.366 31.631 33.211 33.822 34.008
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Table 2: Principal components of the HFC tensors for atoms of (a) FADH® and (b) FAD*™.
The labels “MD cjyster” and “MD gaz /" refer respectively to the averaged tensors calculated
for the flavin in a QM cluster and in a QM/MM protein environment; “MD,,." refers to
the tensors calculated on the same set of flavin geometries, but stripped from its protein

environment.

(a) FADH®
atorm Ayy Axx Azz
MDyoe  MDpyster MD QM/MM MDyse  MDeyster MD QM/MM MDyge  MDpuster MD QM/MM
N5 1.793 1.720 1.665 1.548 1.523 1.462 47.145 48.143 48.332
N10 1.058 1.076 0.997 0.771 0.807 0.720 20.667  21.682 20.988
Hl’a  1.178 1.344 1.322 0.919 1.087 1.083 4.645 4.883 4.834
HI’b 13.015 13.689 12.754 12.522 13.275 12.377 16.469 17.255 16.299
H8a  5.218 6.106 5.610 5.031 5.875 5.411 6.718 7.652 7.119
H7a  -1.232 -1.025 -1.456 -1.417 -1.234 -1.656 -0.053 0.209 -0.254
H6 -4.677 -4.388 -4.635 -5.467 -5.191 -5.394 -0.608 -0.277 -0.556
H5 -23.190 -23.857 -24.172 -36.132  -37.009 -37.233 3.550 3.389 3.306
(b) FAD®*~
atomm Avy Axx Azz
MDuyse  MDuster MD QM/MM MDyoe  MDepyster MD QM/MM MDyae  MD cpyster MD QM/MM
N5 -1.922 -1.827 -1.8771 -2.261 -2.125 -2.203 53.320 56.176 54.216
N10  0.516 0.666 0.7386 0.290 0.436 0.515 16.989 19.382 19.393
H1’a  1.747 2.477 2.3442 1.311 2.074 1.934 5.204 6.189 5.921
HI'b  4.330 5.034 5.3805 3.768 4.464 4.816 7.598 8.478 8.710
H8a  9.372 9.691 9.1594 9.196 9.427 8.955 11.786 11.907 11.426
H7a  -3.843 -3.663 -3.6253 -4.143 -3.956 -3.915 -2.397 -2.200 -2.173
H6  -10.858 -9.769 -10.1102  -12.293  -10.773 -11.218 -4.577 -3.649 -3.990

On average, the absolute deviation of the absolute value of tensors components induced
by the inclusion of the environment is 0.448 +0.937 (MD cjysterr) or 0.302 £ 0.819 (MD gr/a101)
MHz for the neutral semiquinone; the largest change is AA,, = +1.186 + 0.809 MHz, which
occurs for N5 (MD gy ). For the radical anion, the average absolute deviation is more
reliable, equal to 0.729 £ 0.297 (MD jyster) or 0.614 £ 0.283 (MDgaz/an) MHz, and the
largest change is AA,, = +2.856 + 0.659 MHz for N5. N10 is also significantly affected, with
AA,, = +2.393 £ 0.525 MHz (MD custer) or +2.404 £ 0.471 MHz (MD gar/arpr)- The relatively
large statistical uncertainty associated to the magnitude of the shift in HFC-derived values
arises from the combination of uncertainties on the MDysc and MD gjygzer /@ datasets, and
makes it difficult to accurately gauge the impact of electronic polarisation on the flavin’s HFC

tensors.
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Examination of individual HFC tensor components: To better visualize the HFC
tensor components and their dependence on the protein environment, we have further studied
the distributions of the projections of HFC tensors onto the averaged, normalised eigenbasis,
Vjeq1,2,3)- Opecifically, for each snapshot the projection of the hyperfine tensor A, in the
molecular frame (where n samples the set of N = 400 geometries for which HFCs were

calculated) in the directions v;, Aﬁf’f ), was obtained by calculating HAnVJ'H' Histograms of
these projections are reported in Figure [0] for the N5 atom, and for the N10 and H5 atoms
in the SI (Figure S9). Note that only the HFC parameters for the nitrogen atoms and H5
are well representable in this way, as their symmetry gave consistent eigenvector directions
across the set of diagonalised tensors. The vg eigenvector corresponds to the long axis of the
HFC; it aligns closely with the z-axis for the two N-atoms, and with the y-axis for H5. The
so derived distributions give a more complete picture of the impact of the environment on the
distributions of hyperfine interactions.

Probability density (a.u)
Probability density (a.u)

2 3 4 1 2 3 45 50 55 60 65 5 10 15 20 5 10 15 20 4 50 60
AYY (MHz) AYD (MHz) AYD (MHz) AYY (MHz) AYD (MHz) AYD (MHz)

(a) FAD*~ (b) FADH®

Figure 6: Projection of the N5 HFC tensor for (a) FAD®*~ and (b) FADH® onto their average
eigenvectors v;. Blue (resp. red) histograms refer to values calculated in MD jster (resp.
MDvacuum)

The inclusion of the environment is shown to have both a shifting and broadening effect on
the distributions of MD st N5 and N10 along vs i.e. on the longitudinal component Avs)
of the tensors. Interestingly, while the lengthening effect applies to both protonation states,
the presence of the chemical environment broadens the distributions of N5 and N10’s A(vs)
for FADH®, but does not significantly affect the shape of the corresponding distributions in
FAD*~. A®) and A2 i.e. the projections on the transverse axes are found to be affected
for the N10 nucleus on both flavin protonation states, although to a generally weaker extent.
Since these figures are included to convey qualitative insight into the effect of electronic
polarisation on the distributions of HFC tensor projections, and into the shape of these
distributions themselves, then only the projections from MD e tensors are reported; all
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the above comments also hold true for MD g//a/1s projections, which differ only in the details.

Graphs in Figure S5 in the SI report, respectively, the distributions of isotropic hyperfine
couplings and the tensor anisotropy for the pertinent flavin atoms, calculated on the extracted
geometries from the MD simulation. These quantities were again derived from the MD-
extracted flavin geometries with and without its “minimal” environment, and correspond to
the MD 4. and MD st datasets. Due to the non-normality of distributions (especially for N5
and N10), the average, quartiles, minimum and maximum of each set are reported. Average
and standard deviation values for all tensor elements are also available in the SI (Section S18
and S19).

4 Discussion

We have calculated the hyperfine interactions of FAD®*™ and FADH® taking structural fluctua-
tions and polarisation effects from the protein environment into account. Structural dynamics
were accounted for by sampling molecular dynamics trajectories of 800ns, i.e. a time span
approaching the lifetime of radical pairs implicated with magnetoreception. Environment ef-
fects were included by a cluster approach, whereby a sensitivity analysis was used to elect the
residues contributing to the cluster, allowing to model the environment on the full quantum
level whilst keeping the computational demands manageable. We have observed that the hy-
perfine interactions are determined both by structural fluctuations, governed and confined by
the protein, and by the polarising effects of the environment on the electronic structure. To
gauge the relative importance of these two contributions, we shall compare the hyperfine pa-
rameters derived for the relaxed structure of the isolated radicals in vacuum, and the average
values of the extracted structures, both with and without environmental effects included via
the cluster and QM /MM model.

We will first focus the discussion on the isotropic hyperfine coupling constant and the
anisotropy, as defined in the Metrics section, which are reported in Table [1] (a,b). A change
in ajs, could reflect a scaling of the whole tensor, or a change in individual principal compo-
nents. The latter aspect is captured in the anisotropy, which is also the central parameter
determining the directionality of the magnetic field effect for the radical pair, and which we
shall discuss thereafter. It should however not be forgotten that some changes in the hyper-
fine parameters are undetectable by these two metrics; these can always be assessed from the
complete tensors, as reported in the SI (sections 18 and 19), and from the plots of the average
HFC tensors (Figure 5, (a,b)). Some characteristics of these will be discussed here in terms
of individual tensor components and their distributions, before we comment on differences
with previous HFC calculations and experimental data, as well as between our MD .jyster and
MD gar/mu datasets.

Isotropic HFC: Analysing the isotropic hyperfine coupling constants (Table , we remark
the following trends: on average, the absolute change in aj, due to structural fluctuation
is equal to 0.9 + 0.1 MHz for the radical anion, and 2.5 + 0.4 MHz for the semiquinone.
Electronic polarisation by the close environment, on the other hand, induces on average
an absolute change of 0.7 + 0.3 MHz (MD jyster) or 0.6 &= 0.3 MHz (MD gp;/p10) for FAD®™,
and 0.4 4 0.9 MHz (MD jyster) or 0.3 0.8 MHz (MD gp7/a707) for FADH®. As these effects are
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not necessarily additive, but may partly compensate each other, the average absolute change
registered in ajs, upon consideration of the combined effect is about 1.3 +0.2 MHz (MD .jyster)
or 1.2 £ 0.1 MHz (MD gp/ara) for the anion, and 2.5 4+ 0.6 MHz (MD ¢pys4er) or 2.4 £ 0.5 MHz
(MD gpr/aar) for the semiquinone.

Atoms which are particularly strongly affected by structural effects are the H8« methyl,
with a deviation of about —2.3 + 0.2 MHz, H1’b (Aajs ~ —1.3 + 0.2 MHz) and N5 (Aajs, =~
+1.3 + 0.2MHz) for the anion; and, even more so, HI’b (Aaj,, ~ +6.5 £ 2.0 MHz), N5
(Aajgo ~ +5+0.4 MHz) and H5 (Aajs ~ +4.6+0.8 MHz) in the semiquinone. The inclusion of
the environment seems to have a weaker impact overall, although the generally large statistical
uncertainties make it difficult to conclude: the largest effects on FAD®*™ atoms are deviations
of Aajgo ~4+1.2+0.2, +1.0 £ 0.4 and +1.0 + 0.3 MHz for H6, H1’b and N5 respectively; and
FADH?® exhibits a remarkable insulation to electronic polarisation by its immediate chemical
environment, with all environment-induced deviations staying below 1 MHz — the largest one
occurring for H8« (Aajgo ~ +0.9 £ 0.3 MHz).

HFC anisotropy: A similar analysis can be made for the tensor anisotropy (Table : on
average, the absolute change in value due to structural fluctuation is equal to 0.940.1 MHz for
FAD®*~ and 0.7+1.1 MHz for FADH®. The average uncertainty on FADH® AA is however con-
taminated by the very large uncertainty on the H1’b atom (AAA= 6.463+5.493 MHz), which
arises because of its poor sampling in the MD,,. dataset: only 27 A,, and 30 Ay, values are
uncorrelated. Removing AAH'P from the calculation of the average deviation of anisotropy
yields AAA= 0.8 + 0.4 MHz for FADH®. Polarisation by the cluster induces on average an
absolute change of 0.8 + 0.2 MHz (MD ¢jyster) or 0.5 4 0.2 MHz (MD gp;/a7s) for FAD®™, and
0.4

(MD ¢puster) or 0.3 £ 3.183 MHz (MD gy /p107) for FADH® — again contaminated by a huge un-
certainty on AAAMIP The average absolute change registered by AA upon addition of these
two effects is about 1.0 & 0.1 MHz (MD ¢jyster) or 0.8 &= 0.1 MHz (MD gar/a7p) for the anion,
and 0.8 £ 2.8 MHz (MD jyster) or 0.9 & 2.1 MHz (MD gp7/p7p) for the semiquinone.

For both protonation states of the flavin, the N10 atom is most affected by structural
fluctuations: A A registers a decrease of 2.8 + 0.1 MHz for the anion, and of 1.6 +£ 0.1 MHz for
the semiquinone. The N5 atom is the second most affected, with AAA ~ 4+1.8+£0.1 and +1.6+
0.6 MHz for FAD®*~ and FADH?®, respectively. The subsequent polarisation by the chemical
environment most strongly impacts the same two nitrogen atoms, increasing the average tensor
anisotropy in FAD®™ of N5 by 2.7 + 0.1 MHz and N10 by 2.2 + 0.2 MHz, respectively, while
increasing AAN® by 1.3 + 1.2 MHz in FADH®. This relatively large uncertainty again arises
from poor sampling, as the MD g)/y)s dataset contains only 57 independent A, values for
N5.

In the case of N5 and N10, the HFC interactions of which are strongly axial and nearly
collinear (see Figure[f)), a variation in tensor anisotropy can reveal a weakening or strengthen-
ing of their axial character. Since the directional sensitivity of the magnetic compass depends
on the strong axiality of this particular interactions, any change in AA for these atoms has
implications regarding compass performance. Still, it should be noted that the variations
reported here are modest: indeed, the static, vacuum picture of FAD®~ (Table |1, column
“Optyq.”) underestimates the tensor anisotropy of N5 by about 5-8% and overestimates that
of N10 by only 3%; similarly, relaxed FADH® in vacuum underestimates AA by about 6%
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for N5 and overestimates it by about 3-6% for N10. For both protonation states, H8« is the
atom for which the relative error of the static picture is the largest, overestimating AA by
17-18% in FAD®*~ and 12-15% in FADH®.

Individual tensor components: While tensor anisotropy reveals some information on the
directionality of hyperfine couplings, a finer appreciation can be gained by comparing their
eigenvalues Ayy, Ayy and A, assigned as detailed in the Metrics section. For the strongly
anisotropic atoms N5 and N10, A,, is proportional to the length of the longest axis of the
HFC tensor, and its direction nearly coincides with the z-axis. We note that when in a dy-
namic environment, N5 has significantly smaller transverse components (Ay and Ayy, see
Table [2)), i.e by 30 to 50%, than predicted for the static flavin in vacuum (cf. Tables S6 and
S7 in the SI). This has implications for the ability of the system to generate a “spike” in
the orientation-dependent singlet recombination yield at long coherence times, the so-called
“quantum needle” proposed to explain the remarkable angular precision of the compass: in-
deed, scaling down the transverse components of nitrogen tensors is expected to weaken this
spike?? N10, on the other hand, show either a marked increase in the magnitude of its trans-
verse components, in the case of FADH®, or a simultaneous increase of Ay, and decrease of
Ayx for FAD®*™, resulting in roughly interchanged values of these two components going from
the static to the dynamic flavin representation.

Distributions: The distributions of selected principal tensor components are reported in
Figure |§| and in the SI (Figure S9): the red and blue histogram reflect the projected tensor
components including only structural fluctuations or including both structural fluctuations
and polarisation effects, respectively. We notice that inclusion of the environment has both a
shifting and a broadening effect on the distribution of N5 and N10 A(3)_ j.e. on the size of the
tensors along their longest axis. Interestingly, while the boosting effect of the environment on
the average value of AV3 applies to both nitrogen tensors and protonation states of the flavin,
the broadening is only apparent for the FADH® nitrogen tensors. The reason for this shift,
which arises from a different distribution of spin density on the flavin, is not attributed to the
formation of a hydrogen bonds, e.g. between N5 and a nearby residue, but is a nonspecific
environmental effect.

HS5 is also mildly affected by the presence of the environment, registering a slight decrease
in ajso and increase in AA (Table . The very asymmetric distribution of afl® (Figure S5),
trailing to large values, can be linked with the ”out-of-planeness” of H5 with respect to the
isoalloxazine rings. This is shown in the SI in Figure S10, which seeks to illuminate the re-
lation between extreme HFC values for FADH® H5 and geometric parameters, such as the
improper angle of H5 with the isoalloxazine rings. An angle of 0° places H5 and the 3 other
atoms in the same plane.

QM/MM: Average values and distributions of a5, and AA, calculated with the QM /MM
scheme described in the Results section, are reported in Figure S7 of the SI. Both the in-
terquartile amplitude and mean values are very similar to those calculated with the “MD .jyser”
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scheme. Indeed, the largest differences between these sets arise for FAD®*~ N5 ajs, (0.7 MHz,
i.e 4.0% change) and AA (1.9 MHz i.e 3.3% change). Considering only atoms with large and
strongly anisotropic hyperfine coupling tensors (namely N5, N10, and H5), FADH® N10 shows
similarly sized relative deviation (Aais, = 3.7% and AAA = 3.1%), although these changes
correspond to smaller absolute value. The remaining atoms (FAD®*~ N10, FADH®* N5 and
H5) are on the other hand very similarly described by the QM /MM and cluster models, with
deviations between their respective averaged quantities below or equal to 1.1%.

For other atoms, with smaller and/or more isotropic hyperfine coupling tensors, the rel-
ative change is contained within 0.8-7.6%, except for FADH® H7« ajs, for which the cluster
and QM /MM descriptions differ by 64%; however, this only corresponds to a deviation of
0.4 + 0.2 MHz.

It is difficult to decide which approach, MD yster and MD g7 /a7, best captures the effect
of the electronic polarisation on flavin-borne hyperfine coupling tensors. While MD gy /a7
includes both an accurate (i.e DFT-level) description of the polarising effect of the polar
residues in the vicinity of the flavin, and a more rudimentary (MM) description of the rest
of the protein and of the ribityl-adenosine moieties of the flavin, it also relies on a point-
charge description of the backbone atoms of all neighbouring residues, which places potentially
overpolarising charges close to the flavin. On the other hand, MD .- treats all atoms at
the DFT level, ensuring that the included chemical environment, including backbone atoms,
polarises the flavin through a reasonably realistic electron density, instead of a collection of
over-localised atomic charges. This gain in accuracy is balanced by the fact that the chemical
environment is incomplete, limited to residues for which the election process as detailed in
“Delineation of a minimal chemical environment for the flavin” indicated sizeable effects, and
also lacks the ribityl-adenosine complex of the flavin. These approximations, made to keep
computational demands manageable, prevent us from suggesting a hierarchy in the accuracy
of results obtained from the MD gy a73s and MD cpyster approaches.

Importantly, both MD gy /as and MD jyster results suggest that the impact of polarisa-
tion on the average value of aj, and AA is small, especially compared to that of structural
fluctuations within the flavin.

Lumiflavin: The “Opty,.” dataset for FAD®~, which paints a minimalist, completely static
picture of the magnetic properties of the flavin, allows us to judge the suitability of the radical
lumiflavin anion as approximation for cryptochrome-bound FAD®*~. DFT-calculated HFCs of
isolated lumiflavin have frequently been employed in the literature to support spin dynamics
calculations, such as those presented in1%23 Structurally, the lumiflavin corresponds to the
isoalloxazine moiety of the radical flavin anion, with a methyl group on the N10 atom, where
the ribityl chain would start in FAD.

Considering the isotropic hyperfine couplings (Figure S6¢ in the SI), the only, but quite
sizable, error (Aajs, ~ 7 MHz) arises for this methyl-group. For the flavin, the corresponding
hydrogens (H1’a, H1’b) cannot be considered equivalent, as the ribityl chain prevents their
equivalencing by rotation. For all other atoms however, the isotropic hyperfine couplings
appear to be (surprisingly) well approximated based on the lumiflavin analogue.

The tensor anisotropy is reasonably well reproduced for N5 (Figure S6d, in the SI), but
less so for N10. For the methyl groups (e.g. H8«), the reported HFCs were obtained by
equating the anisotropic components to zero, as they were expected to be averaged out by the
fast rotation of the methyl group. However, as can be seen from the “MD s’ dataset of
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FAD®*~, which effectively introduces this rotational averaging via sampling from the MD tra-
jectory, some anisotropy remains. Inspecting the shapes of the averaged H8« tensors (Figure
right), we note this anisotropy emanates from an elongation of the HFC, along the axis of
rotation and in a direction pointing towards the central ring — i.e. towards the center of spin
density.

Experimental HFCs: Although no experimental HFCs have so far been realized for CICry4,
we can compare our results with measurements for other cryptochromes, as listed in the SI
in Table 1. We note a large variability among studies, which might arise from both intrin-
sic differences and different experimental conditions. Data have also been reported for light
oxygen voltage (LOV) domains and blue light sensor using FAD (BLUF) proteins,228%E1 hut
the cofactor (FMN instead of FAD in LOV), photo-cycle and reactivity are entirely different,
suggesting that no obvious parallels can be draw beyond the distant similarity in the sense of
involving a (likely) radicalized flavin cofactor.

The largest discrepancy between HFC parameters derived here and experimental results
arises for the N10 atom: the A component of N10, which can be identified with A,,, has been
measured to be significantly larger than predicted, with experimental values ranging from 23.1
to 27.9 MHz (Table S1 in the SI) compared to A,, = 19.3 MHz (Table [2)) as derived here for
FAD®*~. This same discrepancy exists for FADH®. On the other hand, previous theoretical
studies have found values similar to ours; and, as can be inferred from Figure S2(b,c) (in the
SI), this particular atom does not seem to be sensitive to basis sets effects. We are therefore
tempted to attribute this discrepancy to different experimental conditions (e.g. low temper-
ature leading to more confinement and and sampling, different pH, etc.) or to an effect not
included here, such as water binding or marked structural differences of the binding pocket
compared to the crystal structure. On the other hand, such stark deviations are not expected
to manifest as a result of structural fluctuations or the polarising effect of the environment
alone, as our data show.

5 Conclusion

In this study, we have reported a set of hyperfine coupling tensors for the cryptochrome-bound
flavin radicals derived from long-time MD and a aDFT-based cluster approaches. These aver-
age tensors, calculated on a statistically significant number of biologically relevant geometries
of the flavin and its close chemical environment, are expected to provide a realistic description
of the the magnetic properties of this magnetosensitive system under biologically relevant con-
ditions. For each protonation state of the flavin considered in this paper, i.e the radical anion
FAD®*~ and the neutral radical semiquinone FADH®, we report detailed hyperfine parameters
accounting for dynamic effects.

Our calculations include the structural variability of the flavin and its environment due to
thermal fluctuations, and the polarisation of the electronic and spin density of the flavin by
neighbouring residues. To account for the latter effect, we defined a minimal polarising cluster
of amino acids, of a size suited for efficient aDFT calculations, which can be re-used in the
computation of other spin-density-dependent molecular properties. This “cluster” was also
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completed with the rest of the protein environment, approximated by a set of atomic point
charges. The fluctuation in magnetic properties induced by these dynamical effects, which
cannot be estimated from the fully static picture of a single flavin conformation in vacuum,
are shown to be largely of geometrical origin, while the effect of electronic polarisation by
the chemical environment is weaker. Even though the average shift of HFCs due to these
dynamical effects is surprisingly small (of the order of 1 or 2 MHz for the isotropic hyperfine
coupling), they induce deformations to hyperfine coupling tensors that are critical for the
operation of a magnetic compass and with are expected to impact on its performance. This
is e.g. the case for the induced changes of the nitrogens’ A,, component, or of N5’s trans-
verse components. The step-wise introduction of structural and polarising effects allowed to
decorrelate and gauge their respective impact. In the same spirit, the particularly asymmetric
distribution of H5’s HFCs could be linked to a geometrical feature of the flavin. The new set
of averaged hyperfine coupling tensors derived here for the two pertinent protonation states
of the flavin radical involved in putative magnetosensitive radical pairs, will be valuable to
better parametrise the spin Hamiltonian for future spin dynamics calculations. Beside average
values, distributions are also reported: these could be used to inform the dynamics of HFC
parameters as vital for open quantum systems spin dynamics calculations or to model the
inhomogeneous distribution of hyperfine parameters expected to prevail in a biologic sample.
All in all, we expect this study to help to better model the phenomenon of avian magnetore-
ception, and to provide a step towards elucidating its widely debated mechanisms.
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